Aims/hypothesis The risk of developing a range of solid tumours is increased in type 2 diabetes, and may be influenced by glucose-lowering therapies. We examined the risk of development of solid tumours in relation to treatment with oral agents, human insulin and insulin analogues. Methods This was a retrospective cohort study of people treated in UK general practices. Those included in the analysis developed diabetes >40 years of age, and started treatment with oral agents or insulin after 2000. A total of 62,809 patients were divided into four groups according to whether they received monotherapy with metformin or sulfonylurea, combined therapy (metformin plus sulfonylurea), or insulin. Insulin users were grouped according to treatment with insulin glargine, long-acting human insulin, biphasic analogue and human biphasic insulin. The outcome measures were progression to any solid tumour, or cancer of the breast, colon, pancreas or prostate. Confounding factors were accounted for using Cox proportional hazards models. Results Metformin monotherapy carried the lowest risk of cancer. In comparison, the adjusted HR was 1.08 (95% CI 0.96-1.21) for metformin plus sulfonylurea, 1.36 (95% CI 1.19-1.54) for sulfonylurea monotherapy, and 1.42 (95% CI 1.27-1.60) for insulin-based regimens. Adding metformin to insulin reduced progression to cancer (HR 0.54, 95% CI 0.43-0.66). The risk for those on basal human insulin alone vs insulin glargine alone was 1.24 (95% CI 0.90-1.70). Compared with metformin, insulin therapy increased the risk of colorectal (HR 1.69, 95% CI 1.23-2.33) or pancreatic cancer (HR 4.63, 95% CI 2.64-8.10), but did not influence the risk of breast or prostate cancer. Sulfonylureas were associated with a similar pattern of risk as insulin. Conclusions/interpretation Those on insulin or insulin secretagogues were more likely to develop solid cancers than those on metformin, and combination with metformin abolished most of this excess risk. Metformin use was associated with lower risk of cancer of the colon or pancreas, but did not affect the risk of breast or prostate cancer. Use of insulin analogues was not associated with increased cancer risk as compared with human insulin.
Introduction
Type 2 diabetes is associated with an increased risk of mortality from a range of solid tumours, including cancers of the colon, breast and pancreas [1] . Similar associations have been noted with central obesity and other conditions associated with increased levels of circulating insulin. These observations have given rise to the hypothesis that growth of these tumours, which are characterised by abnormal expression and function of the insulin-IGF-1 series of receptors [2, 3] , is promoted by the trophic action of insulin interacting with these receptors. The cancer risk associated with diabetes may also be influenced by therapy: for example, the risk of colon cancer is higher in individuals on insulin [4] , patients on metformin are less likely to be diagnosed with cancer [5] , and the risk of mortality from solid tumours is lower for metformin than for exogenous insulin or sulfonylureas [6] . As recognition dawns that cancer should be numbered among the complications of diabetes, the possibility that therapies for diabetes may influence tumour progression is likely to attract increasing interest and concern. Furthermore, the observation that both endogenous insulin and exogenous insulin therapy are associated with tumour progression raises questions as to the safety of the insulin analogues, which have subtly modified receptor binding properties and accelerate the growth and proliferation of both healthy and tumour cell lines in culture [7, 8] .
The present study examined the relative frequency with which cancer was diagnosed in patients receiving a range of therapies for type 2 diabetes, including human and analogue insulins. To establish the overall pattern of cancer risk using alternative glucose-lowering therapies, we compared four common treatment regimens for type 2 diabetes: metformin monotherapy, sulfonylurea monotherapy, combination therapy with metformin plus sulfonylureas, and all insulin-based therapies combined. We tested the hypotheses that therapies other than metformin would be associated with increased development of solid tumours in general, and of diabetes-associated cancers of the breast, colon and pancreas in particular. We also considered carcinoma of the prostate, which has a weak negative association with diabetes [9] , and looked to see if combined treatment with metformin influenced these risks. Finally, we subdivided the insulin-based therapies to test the hypothesis that insulin glargine (A21Gly, B31Arg,B32Arg human insulin) or analogue mixes were associated with a greater risk of cancer than insulin of human origin.
Methods
Data source This was a retrospective cohort study of people treated in UK general practices participating in The Health Information Network (THIN). Created in 2002, THIN includes data from approximately 300 UK practices, and is similar in structure and scope to the General Practice Research Database [10] [11] [12] [13] [14] . Patients included in THIN are similar in age, sex and geographic characteristics to the general UK population [10] [11] [12] . THIN includes records on 4.78 million patients, of which 2.26 million are currently active. Approximately 3% of patients are lost annually because of leaving a practice or death. The data are collected in a non-interventional way from the daily record keeping of physicians. The records are anonymised at the collection stage so that researchers have access to only encrypted identifiers for the physician's office and the patient. The database contains information on all past and current medical diagnoses, both acute and chronic (coded using Read codes), and prescribed medications (coded using British National Formulary codes). Unlike many other databases, THIN also includes laboratory values, which are electronically captured, and some aspects of physical examinations. Validation studies have been published and data collected in this way have previously been used to study diabetes [10, 11, 15] .
Patients were selected if they achieved cohort membership after 2000, shortly before the introduction of insulin glargine in the UK in mid-2000.
Study population
Patients selected for analysis had a diagnosis of diabetes presenting later than 40 years of age, had received six or more sequential prescriptions for oral hypoglycaemic agents (OHAs), and other potential causes of secondary diabetes had not been recorded. Four primary cohorts were defined. Cohort 1 and Cohort 2 were defined by newly initiated OHA monotherapy (preceded by a wash-in period of >6 months, during which no OHAs were prescribed) with either metformin or a sulfonylurea, respectively. Cohort 3 was defined by a newly identified switch from OHA monotherapy with either metformin or sulfonylurea to an oral regimen involving both drugs in combination but no other concomitant class of OHA. Cohort 4 included those previously treated with OHAs who had been newly initiated on any insulin-based regimen. Cohort 4 was then subdivided when appropriate to assess the association between treatment subgroups and risk of cancer. The insulin subclasses were as follows: 4a, insulin glargine with no other concomitant insulin; 4b, long-acting human insulin with no other concomitant insulin; 4c, biphasic insulin of human origin; and 4d, analogue biphasic insulin. In addition we wanted to provide some indication of the cancer risk of the various alternative diabetes therapies with regard to untreated diabetes. To this end, we included a preliminary analysis of the cancer risk in the aforementioned cohorts vs those with a diagnosis of type 2 diabetes who had no record of a diabetes-related medication, or those in other cohorts before prescription of their first diabetes-related medication. This comparison group thus represented a group of people with diet-treated diabetes, or who had yet to be given a diagnosis of type 2 diabetes, and who had no recorded exposure to diabetes medication.
Some patients with a sufficiently long treatment history had multiple cohort membership. To minimise selection bias, those patients who progressed to intensified therapy in more than one treatment class were included in the analysis for the previous cohort but had their membership censored at the date of treatment switching. Cohort membership was terminated by progression to a record of the primary or secondary outcomes of interest, right censoring at the final observation of the database, transfer out of the practice, or treatment switching. For all cohorts, the index date was fixed as the date of observed treatment initiation or switching to a treatment class of interest.
Patients with less than 6 months case history prior to the respective index date (as judged from the date of their first ever recorded prescription or laboratory test result) were excluded in order to improve the likelihood of observing the true start date for treatment intensification. According to figures from the THIN database, 95% of repeat prescriptions in general practice have a periodicity of 6 months or less. Patients with less than 6 months of exposure to an intensified regimen were excluded in order to ensure a sufficient degree of exposure in those remaining to potentially influence development of a solid tumour cancer.
Outcomes The primary outcome for this study was progression to the first record of any solid tumour cancer. The secondary outcome measure was progression to one of four specific solid tumour cancers recorded as the first cancer observed following treatment change, and only in people who had no record of a prior cancer: breast cancer, pancreatic cancer, colorectal cancer or prostate cancer. These cancers were selected because they were reported to be positively or negatively associated with diabetes [1, 9] , and were Data are presented as mean (median), mean±SD or %, unless specified otherwise GP, general practitioner; SVL, severe visual loss examined as an individual secondary endpoint when the numbers of events allowed. Finally, with regard to breast cancer, a cancer that has given rise to concern with respect to insulin glargine, we undertook an analysis that compared those patients with any exposure to insulin glargine alone to exposure to any other insulin as a single group. This was needed to increase the statistical power of the comparison, which included relatively few breast cancer events.
Available baseline characteristics and/or covariates Baseline characteristics/covariates available for these real-life data from general practice included age, sex, systolic BP, total cholesterol, weight and weight change, BMI, smoking status, baseline general morbidity, prior large vessel disease (LVD), retinopathy, evidence of renal impairment (identified by a frank diagnosis of microalbuminuria or macroalbuminuria or end-stage renal disease [dialysis or transplant], estimated glomerular filtration rate of less than 45 ml/min, or serum creatinine in excess of 130 μmol/l), HbA 1c and records of prior solid tumour cancer. Concomitant metformin was introduced as a covariate into the Cox models for the insulin-regimen subgroup since it has been reported to be associated with a reduced cancer risk [5, 6] .
Statistical methods
The following four covariates were deliberately selected for inclusion in an initial Cox proportional hazards model before addition of the factor of interest: age, sex, smoking status and a diagnosis of a prior cancer. This model was tested and, as expected, all covariates were found to be highly significant. Other potential covariates were then additionally tested to determine their value in specifying the model, and these included, in various ways, HbA 1c , diabetes duration and weight. None was found to be significant when added to the above model. Threshold statistical significance was set at Data are presented as mean (median), mean±SD or %, unless specified otherwise GP, general practitioner; SVL, severe visual loss the conventional level of p=0.05, and 95% CIs are given for HRs. With regard to progression to specific cancers, patients who had a previous cancer were excluded. The observational timescale for each individual was from cohort membership to a cancer event or death or switching to another cohort or their final recorded data (censorship). With regard to the additional cohort of patients who had not progressed to receipt of glucose-lowering medications, the index date for these patients was their first recorded date of any prescribed medication plus an observational run-in period of 3 years to allow for the identification of prior cancer.
Results
From an initial cohort of 170,000 patients (randomly selected by the data vendor from those meeting the initial selection criteria), some 85,200 individual patients met the criteria for at least one cohort. This was further reduced to 62,809 patients by selecting only those who achieved cohort membership after the year 2000 (Table 1 ). Membership of the individual cohorts was as follows: 31,421 (50%) patients treated with metformin monotherapy; 7,439 (12%) patients with sulfonylurea monotherapy; 13,882 (22%) patients with combination therapy with metformin plus sulfonylureas, and 10,067 (16%) patients treated with an insulin-based regimen. Among the insulin-treated patients, 44% were also represented in the combination therapy cohort. Within the combination therapy cohort, 23% were also represented in the monotherapy cohorts. Total follow-up time was 152,065 person-years; 17,553 person-years in the sulfonylurea group, the least numerous cohort (Table 1) .
Baseline characteristics by the four general cohorts The common pattern of type 2 diabetes treatment progression and intensification in the UK was reflected in the baseline characteristics of the four respective treatment cohorts. People initiated on metformin monotherapy were, on average, youngest (59 years old) ( Table 1) . Those initiated on OHA combination therapy and insulin-based therapies, on average, were of similar age (64 years), whereas those initiated with sulfonylureas were older (70 years). The duration of diabetes varied in accordance with this pattern: the mean was 2.9 (median 1.7) years overall, and 1.5 (0.4), 1.9 (1.5), 4.4 (3.8) and 6.2 (5.8) years for metformin monotherapy, sulfonylurea monotherapy, OHA combination therapy and insulin-based therapies, respectively. These observations illustrate that there were, understandably, considerable differences between the four general cohorts. A detailed comparison of the baseline characteristics of the four general treatment cohorts is listed in Table 1 . Features of note that may have affected this study included increased smoking incidence in insulin-treated patients; 70% had ever smoked as against 66% for the group as a whole. People who started sulfonylurea monotherapy were lighter; the average weight in this cohort was 80 kg for men and 68 kg for women, compared with 92 and 82 kg, respectively, for the group as a whole. The crude prevalence of prior solid tumour cancers also differed by cohort at baseline, varying from 4.3% in patients treated with metformin monotherapy, to 7.6% those who received sulfonylurea monotherapy. Baseline characteristics by insulin-treatment subcohorts The 8,034 people representing the four selected insulin subcohorts (Cohorts 4a to 4d), accounted for 80% of the 10,067 patients with newly initiated insulin-based regimens (Tables 1 and 2 ).
The reasons for starting a particular insulin regimen in patients with type 2 diabetes are not clear. Although less obvious than the differences observed between the four main cohorts above, there were systematic differences between those starting the four insulin regimens. For example, people initiated with analogue biphasic insulin were, on average, younger (62 years old) than people initiated with human biphasic insulin (66 years old) ( Table 2 ; p< 0.001). The average age of both Cohort 4a (insulin glargine alone) and Cohort 4b (human basal insulin alone) was 65 years. Thus, Cox proportional hazards models were necessary to adjust for these systematic differences.
Risk of progression to all solid tumour cancers Across all patients, 2,106 people progressed to a record of a first solid tumour cancer (1.1% annual incidence). The crude incidence of solid tumour cancer in only those people who had no prior solid tumour cancer was 0.9%, 1.6%, 1.1% and 1.3% per year for Cohorts 1 to 4, respectively. The unadjusted rate of progression to solid tumour cancer for the four general cohorts is illustrated in the Kaplan-Meier curve in Fig. 1 . The pattern of unadjusted risk at a gross level appeared to reflect the systematic differences in the baseline characteristics, whereby the younger metformin monotherapy-treated patients had the lowest cancer incidence, and the older sulfonylurea monotherapy-treated patients had the highest. Following adjustment for confounding factors, the pattern of unadjusted risk altered to present an alternative, distinct pattern (Table 3 , Fig. 1 ). Whilst metformin monotherapy still had the lowest risk, the insulin-based regimens then had the highest risk of progression to solid tumour cancer (HR 1.42, CI 1.27-1.60). The adjusted HR of a solid tumour cancer for those starting sulfonylurea monotherapy was 1 The alternative insulin regimens were insulin glargine, human basal insulin, analogue biphasic insulin and human biphasic insulin (Cohorts 4a to 4d, respectively)
The model included 7,897 patients and 373 solid tumour events a HRs are relative to basal glargine (Cohort 4a) The different treatment regimens were metformin monotherapy, sulfonylurea monotherapy, combination therapy (metformin plus sulfonylureas) and insulin-based therapies (Cohorts 1 to 4, respectively) a HRs are relative to metformin (Cohort 1) (Table 3) , the HR of solid tumour cancer in those who had smoked vs those who had never smoked was 1.35 (95% CI 1.22-1.49). The inclusion or exclusion of prior solid tumour cancers had little impact on these findings; for example, the HR for insulin-based regimens vs metformin monotherapy decreased slightly to 1.35 (95% CI 1.19-1.54) following exclusion of patients with prior solid tumour cancers. The specific insulin regimens did not differ with regard to progression to all solid tumour cancers (Table 4) . It was possible to introduce the covariate 'concomitant metformin at any time during insulin exposure' into this model. Metformin use was associated with lower risk of cancer in these insulintreated patients (HR 0.54, 95% CI 0.43-0.66; Table 4 ).
Risk of progression to breast, colorectal, pancreatic or prostate cancer The results for each of the four cancers considered individually were largely similar to those for all solid tumour cancers in terms of the order of the cohorts by risk (Table 5) . With regard to the combined risk of progression to breast or colorectal or prostate cancer, compared with metformin monotherapy, the HRs for sulfonylurea monotherapy, oral combination therapy and insulin-based therapies were 1.62 (95% CI 1.30-2.01), 1.07 (95% CI 0.87-1.31) and 1.55 (95% CI 1.27-1.89), respectively. No difference emerged for breast cancer alone or prostate cancer alone between the four main therapy classes (Table 5 , Fig. 2 ), but large differences were seen for colorectal cancer alone and pancreatic cancer alone. The HR for insulin treatment relative to metformin monotherapy was 1.69 (95% CI 1.23-2.33) for colorectal cancer, and 4.63 (95% CI 2.64-8.10; Table 5 ) for pancreatic cancer. (Table 5) The subgroup of insulin-based therapies was too small for individual consideration of each cancer. We therefore examined a combined endpoint of breast, colorectal and pancreatic cancer; no differences were seen between therapies (Table 6 ). Combined metformin and insulin therapy showed a trend to reduced risk of this combined endpoint (HR 0.73, 95% CI 0.51-1.04; Table 6 ). Analysis of glargine vs all other insulins as a single comparator group revealed no difference with respect to progression to breast cancer (HR 0.86, 95% CI 0.42-1.75; Table 7 ). The number of events in this comparison was ten in the glargine group vs 38 in the remaining insulin group.
Risk of cancer vs patients with no exposure to diabetes medication It was possible to identify 14,304 patients who met the inclusion criteria, with 39,683 person-years of follow-up. Their mean (SD) age at baseline was 56.6 (17.3) years; 46% were women, and 3.7% had prior cancer. Using the baseline Cox model, the adjusted risk of progression to a solid tumour cancer in this untreated cohort was the same as that for metformin (HR 0.90, 95% CI 0.79-1.03; Table 8 , Fig. 1 ).
Discussion
Type 2 diabetes, central obesity and other conditions associated with insulin resistance are all associated with an increased risk of certain types of cancer. Diabetes carries an increased risk of breast [16] , colon [4] and pancreatic [17] cancer, each of which features among the top five causes of cancer mortality in the USA [2] . Prostate cancer also features among the five leading causes of cancer death [2] , but has a weak negative association with diabetes [9] . Growth of all these cancers is influenced by the insulin-IGF-1 signalling axis, as suggested by observational studies showing an association between cancer risk and levels of circulating insulin [2] . Laboratory studies have demonstrated that insulin levels (often, but not always, supraphysiological) may have direct effects in vitro on growth, proliferation and resistance to apoptosis of cancer cells [7, 8] . It remains an open question as to whether, or to what extent, differences in circulating levels of insulin influence cancer progression in patients receiving treatment for diabetes, but answers to this question are urgently needed. The use of exogenous insulin is also associated with an increase in all-cause mortality in type 2 diabetes [18, 19] . The association between diabetes and cancer has hitherto attracted relatively little attention from diabetes specialists, mainly because it was considered to be unavoidable. This situation changed when metformin was found to be associated with a reduced risk of cancer in an observational study of patients with diabetes [5] , an effect that appears to be due to a direct action of metformin on the AMPactivated protein kinase (AMPK) signalling pathway, rather than being secondary to its clinical effects on insulin sensitivity and hyperinsulinaemia [20] . The effect of therapeutic manipulation of endogenous insulin levels on cancer risk is unknown. Furthermore, little is known as to the influence of exogenous insulin therapy on cancer progression, although insulin treatment is reportedly associated with a considerably increased risk of colon cancer: about a 20% increase in risk per year of therapy [4] . In both the sulfonylurea monotherapy and insulin groups, the risk of progression to colorectal cancer was increased by 70-80%, while the increase in risk of progression to pancreatic cancer approached 400% (Table 5) .
Our study confirms a previous report that showed a hierarchy of cancer risk according to treatment of type 2 diabetes [6] , ranging from a nadir with metformin monotherapy through combination therapy with sulfonylurea, sulfonylurea alone, and insulin (Fig. 1) . The observation that treatment with insulin secretagogues confers an increase in risk similar to that of insulin would seem to exclude an adverse property of the insulin formulation itself. The association between metformin and individual types of tumour has not hitherto been examined. Our observed lack of effect of metformin treatment on the risk of breast cancer was unexpected in the light of the in vitro observations [20] that provided the rationale for an intervention trial with metformin following surgery for breast cancer [21] . Prostate cancer was also unaffected, but the striking differential between the risk of metformin and other therapies with respect to carcinoma of the pancreas, a largely incurable condition [22] , deserves further investigation. Other tumours, not examined here, may also prove to be responsive to metformin, and the marked protective effects implied by these observations suggest that metformin may have anti-cancer effects sufficient to justify its use outside the context of diabetes.
Finally, we went on to examine a possible difference in cancer risk between human and analogue insulins based on differences in receptor binding, and the in vitro observation of increased mitogenicity, as seen with insulin glargine in particular [7, 8] . No difference in overall cancer progression between human insulin and the insulin analogues was observed in this study, and we were unable to confirm an increased risk of breast cancer with insulin glargine compared with all other insulin therapies. The number of tumour events was, however, relatively low. There was, nevertheless, a striking reduction in risk association (HR 0.54, 95% CI 0.43-0.66) when metformin was co-administered with insulin (Table 4) . Important limitations to this analysis were that numbers were insufficient to perform separate analyses for diabetesrelated tumours, or for insulin detemir. Furthermore, the influence of insulin dose or duration of treatment could not be examined. A clear dose-response association would have added weight to these findings, and would allow the hypothesis of causality to be addressed more directly.
This analysis is subject to many of the limitations inherent to all observational studies, not least a multiplicity of potential confounders. These were minimised by restricting the analysis only to patients who had recently initiated treatment. Although those starting oral monotherapy were previously treatment-naive, those starting on oral combinations or insulin regimens may have already been exposed to prior glucose-lowering therapy, and-as might be expected-had a longer duration of diabetes ( 15.2 years), and weighed less than the other three groups. Glucose control at baseline was worse in those on insulin, with an HbA 1c of 9.4% (Table 1) , and this was a potential confounder since the risk of colon cancer is also related to glucose control [23] . There may also have been some under-reporting of cancer by the general practitioners, and since we examined only the first cancer diagnosis for each endpoint, it is plausible that diagnoses may have been updated and changed. Furthermore, all observations are intermittent and rely on routine recording. There was, on the other hand, no reason to believe that these limitations would have had a differential impact on the groups included in this analysis; furthermore, any 'noise' within the data would be expected to disguise patterns of association rather than to create spurious ones. Finally, the use of Cox models was intended to eliminate some of the systematic bias when comparing the various cohorts, but a plausible, yet small, possibility remained that a systematic bias could account for these findings. This having been said, the analysis was based on a large number of individuals followed over several years, and the patterns elucidated are clear-cut, suggesting that these findings are reliable.
In conclusion, this analysis has confirmed that metformin therapy is associated with a similar risk of cancer development to that seen in diet-treated or undiagnosed individuals, but a reduced risk compared with that associated with sulfonylureas or insulin; this protective effect is also seen when metformin is combined with a sulfonylurea or insulin. Metformin therapy was associated with a greatly reduced risk of colorectal or pancreatic cancer, but no effect was seen in relation to cancer of the breast or prostate. Metformin appears to confer major nonglycaemic benefits with regard to cancer progression, as for cardiovascular disease [24] , further strengthening its status as the treatment of first choice for type 2 diabetes. Insulin glargine and analogue premixes were not associated with a greater risk of cancer progression, but larger and more detailed analyses will be needed to establish their safety with greater confidence. Cancer should be recognised as an important complication of type 2 diabetes, and its risk can potentially be modified by lifestyle changes [2] and metformin. The effect of other diabetes therapies on cancer progression, if any, remain to be established. Finally, there is currently no evidence that insulin or sulfonylureas have a harmful effect on cancer development; we can only be sure that they were associated with a higher risk than metformin, which has known anti-cancer properties. Insulin therapy may be associated with a higher risk of cancer, as it is with cardiovascular disease [25] , but it would be premature to assume a causal relationship. Even if such a relationship were to be established, it would need to be weighed against the life-giving benefits of insulin.
